Introduction
Two-dimensional (2D) van der Waals (vdW) materials, with the strong covalent intralayer bonding and the weak vdW interlayer interaction, exhibit novel properties and various advantages. [1] [2] [3] [4] Recently, the investigations on ferromagnetic vdW materials make great progress [5] [6] [7] [8] and experimental advances have demonstrated that ferromagnetic order can persist in the ultrathin atomic limit. 9, 10 Monolayer CrI 3 has been reported to be an Ising ferromagnet with perpendicular magnetic anisotropy (PMA) and 45 Kelvin Curie temperature. 11 After that, Fe 3 GeTe 2 was demonstrated to possess robust 2D ferromagnetism in monolayer with PMA and 130 Kelvin Curie temperature, 12 and the ionic gate raises the Curie temperature of Fe 3 GeTe 2 to 300 Kelvin. 13 Moreover, the intrinsic room-temperature ferromagnetism was found in VSe 2 monolayers. 14,15 1T phase VSe 2 monolayers were grown by molecular beam epitaxy (MBE) on MoS 2 and graphene substrates, respectively, and MoS 2 has been proved to be a good substrate for the uniform growth of ferromagnetic VSe 2 monolayer.
Ferromagnetic materials are pivotal in the spintronics device, e.g., magnetic tunnel junction (MTJ), which employs the relative magnetization orientation to store binary data.
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MTJ presents high conductance for two ferromagnetic layers in the parallel configuration (PC), while low conductance for two ferromagnetic layers in the anti-parallel configuration (APC), and the difference between the two kinds of conductance is the tunneling magnetoresistance (TMR) effect. MTJs based on vdW materials have been studied a lot.
17-19
Thanks to the perfect spin filtering effect, high magnetoresistances were predicted in the graphene/Ni (Co) systems through ab initio calculations. 20 The spin valve device using MoS 2 as the nonmagnetic spacer was prepared, and its magnetoresistance effect was investigated experimentally and theoretically. 21 Magnetic vdW materials were also employed as the ferromagnetic layer in several works. The tunneling spin valve has been prepared with two exfoliated Fe 3 GeTe 2 crystals and h-BN tunnel layer, and the TMR signal reached up to 160 % at 4. 
Methods
The calculations of structure optimization were performed using the density functional theory (DFT) approach implemented in the VASP code, 26 considering the optB88-vdW function and the Hubbard U term. The calculation of SHC was performed by Quantum ESPRESSO and WANNIER90 packages. [27] [28] [29] The electrical transport properties were calculated using OpenMX package through the DFT combined with non-equilibrium Green function (NEGF)
formalism considering the Hubbard term. 30 The generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) 31 was used to describe the exchange-correlation functional of the electrons. More details can be found in the Supporting Information. At equilibrium state, the spin-resolved conductance is obtained by the Landauer-Büttiker formula
where T σ (k || , E F ) is the transmission coefficient with spin σ at the transverse Bloch wave vector k || and Fermi energy E F , e is the electron charge and h is the Planck constant. At non-equilibrium state, the current is calculated as the integral
where f is the Fermi distribution function, µ 1 and µ 2 are the chemical potentials of the left and right leads, respectively.
Results and discussions
The atomic schematic diagram of the SOT vdW MTJ is shown in Figure 1a . Figure S1 in Supporting Information.
The basic manipulations of MTJ include reading and writing operations. Several mecha- nisms can be employed in the writing process, such as the external magnetic field, 22 the spin transfer torque (STT), 37 as well as SOT. 23 The magnetic field switching impedes the device miniaturization, while the STT is not feasible due to the low spin polarization of 1T VSe 2 .
38
With the merits of simple device structure, high reliability, and remarkable efficiency, we choose SOT switching in the vdW MTJ. One of SOT mechanisms is spin Hall effect (SHE), which is a phenomenon that spin-orbit coupling effect generates an asymmetric deviation of the charge carriers due to the different spin direction. 39 SHE realizes the conversion from charge current to spin current. In the bilayer system, the ferromagnetic layer would absorb the angular momentum of the spin current in nonmagnetic layer, and achieve SOT switching of magnetization in ferromagnetic layer. [40] [41] [42] SOT switching of Fe 3 GeTe 2 magnetization has been observed in the Fe 3 GeTe 2 /Pt bilayer. 23, 24 SHE in Pt produces a pure spin current, which enters the Fe 3 GeTe 2 layer and induces both field-like and damping-like torques. 24 Compared to the conventional SOT devices, high SOT efficiency has been found in the Fe 3 GeTe 2 /Pt bilayer. The efficiency enhancement could be attributed to the atomically flat surface, which may conduce to the proximity effect in vdW heterostructures. 43 Discussions above illustrate that vdW MTJs have the potential to achieve SOT switching via SHE. As Figure 1a shows, when the writing current is injected into the bottom MoS 2 electrode, the spin current arises in the vertical direction with the in-plane spin torque, which can be used to switch the mag- Apart from the writing operation, another critical manipulation in MTJ is the reading process, which relies on the TMR effect. High TMR is a desirable performance for the reliability of MTJ device, and TMR at room temperature is essential to the practical prospect.
We studied the TMR in the above-mentioned MTJ, abbreviated as MT MTJ due to the 1H We calculated the spin-resolved conductance and TMR of both MT and VT MTJs at the equilibrium state at 300 Kelvin, and present the results in Table 1 . The TMR is defined
× 100 % at equilibrium state, where G P C and G AP C is the total conductance for the PC and APC of MTJ, respectively.
and G ↓ P C is the majority-spin and minority-spin conductance in PC, respectively.
AP C is the majority-spin and minority-spin conductance in APC, respectively. The TMR in MT MTJ is only 22 %, however, the VT MTJ presents a much remarkable TMR up to 484 %. In both MTJs, the conductances have the comparable scale in PC while those in APC vary a lot. The G ↑ AP C in MT MTJ is three times as large as that in VT MTJ, and more distinctly, the G ↓ AP C in MT MTJ is over one magnitude larger than that in VT MTJ. As the TMR is inversely proportional to G AP C , the low G AP C results in high TMR in VT MTJ. We attribute the high TMR to the efficient spin filtering effect in APC of VT MTJ, where VSe 2 trilayer is stacked in anti-ferromagnetic ordering, blocking spin transport especially for the minority spin in APC. In contrast, the high conductance in Table 1 : Spin-resolved conductance and TMR at the equilibrium state in MT MTJ and VT MTJ. The conductance is at 300 Kelvin in the unit of 10 −5 e 2 /h. Figure   3a shows the transmission versus energy curve in MT MTJ. The transmission peaks of both spins locate approximately at E F , at E = −0.02 eV to be exact. The transmission coefficient at E F is T ↓ AP C = 0.57, which is extraordinarily high for tunneling transport. In Figure 3b , it is distinctive that eigenchannel wavefunctions localize at the left VSe 2 and in Figure 3a , we found that the states at energies above E F contribute little to the transmission. To reduce the current in APC and get a high TMR, we applied positive bias to the MT MTJ and calculated the non-equilibrium transport properties. As the reference, nonequilibrium transport in VT MTJ was also studied. Figure 4 shows the spin-resolved current and TMR under varying bias. Here the TMR is defined as T M R = I P C −I AP C I AP C × 100 %. We observe that in both MTJs PC currents rise with increasing bias, and majority-spin current is larger than minority-spin current, as shown in Figure 4a and d. More details on current in BZ can be found in Figure S5 and S6. However, APC currents behave distinctly in MT and VT MTJs. Figure 4b shows that in MT MTJ, both majority-spin and minority-spin currents in APC remain almost unchanged with increasing bias, while APC currents in VT MTJ rise with increasing bias, as shown in Figure 4e . Figure S5 and S6 present more details on this difference from the aspect of BZ. In MT MTJ, even if the transmission broadens in the center of BZ, the transmission peak at Γ point weakens a lot with increasing bias.
As a result of trade-off, the current in APC almost remains unchanged with bias in APC.
In VT MTJ, the current of majority spin around K point strengthens with increasing bias, and the current of minority spin broadens around Γ point, resulting in the APC current enhancement. TMR is inversely proportional to the APC current. Consequently, in MT MTJ, TMR augments with the increasing bias because of the changeless APC current, while TMR in VT MTJ declines due to the enhancement of APC current with increasing bias. TMR of 846 % can be observed at 0.5 V bias in MT MTJ at 300 Kelvin, a considerable result for the room-temperature application. Apart from the calculation at 300 Kelvin, we present the calculation at 100 Kelvin in Fig. S7 . It worth stressing that a TMR up to 1277 % is observed in MT MTJ, which is attributed to the decline of APC current at 100 Kelvin. This result provides the potential for TMR improvement by the reduction of temperature.
As the current is obtained by integrating transmission with respect to energies in the bias window, we now turn to the analysis of the transmission versus energy at finite bias.
The above analysis illustrates that the APC transmission leads to the difference of TMR in MT and VT MTJs, so we present the result of transmission versus energy for APC, and the transmission is the integration over all k || points in the BZ, as shown in Figure 5 . It can be observed that the transmission spectra for MT MTJ are almost changeless in the bias window for any bias, and the transmission coefficients are approximately zero. The Γ point resonances of quantum-well states at E = −0.02 eV make the electron intensely localized.
Under the influence of bias, the resonances shift to the negative energy, at E = −0.08 eV for the 0.5 V bias, out of the bias windows in the non-equilibrium transmission, and result in a suppressed current in APC. On the other hand, in VT MTJ transmission, majority spin contributes more than minority one. With the rising bias, more majority-spin transmission peaks enter into the bias window and contribute to the current. Due to the double spin filtering layer for minority spin, the transmission is suppressed close to zero over all the bias windows. Combining the majority-spin and minority-spin current, the total current in APC increases with bias in VT MTJ. Figure S8 presents the transmission versus energy at 100
Kelvin. It has a similar outline with the transmission spectra at 300 Kelvin. Note that the decreasing temperature declines the conductance in APC of MT MTJ, and results in the TMR enhancement. The analysis above explains the differences between APC currents in MT and VT MTJs, and clarifies the reason for distinct TMR behaviors.
Conclusion
In conclusion, we propose an MTJ based on vdW heterojunction consisting of 2D ferromag- This SOT vdW MTJ offers new prospects for low-dimensional spintronics applications.
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